Spores of Bacillus megaterium QM B1551 treated with thioglycolate (0.4 M, pH 2.6) at 50 C for 30 min remained refractile, but they became stainable, lysozymesensitive, and nonviable, and they lost dipicolinic acid (DPA). The loss of DPA and of viability were functions of the time and temperature of exposure to thioglycolate. Spores treated with thioglycolate at a lower temperature and for a shorter time (30 C, 5 min) retained DPA, viability, and nonstainability. Although these spores also retained their resistance to y radiation and to lysozyme, they lost thermoresistance. Their percentage of germination over a 2-hr period in glucose was markedly reduced. Germinability and heat resistance were restored by exogenous cations, suggesting that the thioglycolate treatment (30 C, 5 min) resulted in the loss of spore ions essential for normal germination in glucose and for heat resistance.
without loss of viability, through alteration of the spore's chemical make-up by treatment at a low pH, with (3) or without (1, 7, 8) a reducing agent. Gould and Hitchins (3) demonstrated that spores treated with thioglycolate at pH 3.0 were rendered sensitive to lysozyme, and suggested that the reducing agent exposed lysozyme-sensitive mucopeptide by rupturing spore coat disulfide bonds. Other investigators have concluded that, when spores were exposed to an acid environment for 1 to 3 hr, there was an exchange of ions between the spore and its surrounding environment, affecting dormancy (7), heat resistance (1) , and germinability (8) .
In this paper, we report on the loss, as a result of exposure to thioglycolate at a low pH, of spore nonstainability, dipicolinic acid (DPA), viability, lysozyme resistance, heat stability, and capacity to germinate in glucose, as well as on the restoration by cations of the germinability and heat resistance of thioglycolate-treated spores.
MATERIALS AND METHODS
Spore preparation. Spores of Bacillus megaterium (QM B1551) harvested from a medium containing 1 Presented in part at the 66th Annual Meeting, American Society for Microbiology, Los Angeles, Calif., [1] [2] [3] [4] [5] May 1966. 0.5% Wilson's Liver Fraction "B" (6) , buffered at pH 6.8 with 0.01 M potassium phosphate, were washed by repeated centrifugation at 4 C, lyophilized, and stored over CaSO4 at 4 C until used. Fewer than 1% of these refractile (phase-bright), lysozyme-resistant spores (containing 137 ,ug of DPA and 50 ,ug of calcium per mg) were stainable with 0.5% methylene blue.
Treatment of spores with thioglycolate. Thioglycolate was prepared just before use by adjusting thioglycolic acid (99.6%; Fisher Scientific Co., Pittsburgh, Pa.) to the desired pH with 5.5 N NaOH and diluting to the appropriate concentration with a buffer. Spores (2.5 mg/ml) were treated (i) with thioglycolate (thioglycolate-treated), (ii) with glass-distilled water (water-treated), or (iii) with buffer at the temperatures, pH levels, and concentrations described with individual experiments. Spores which were treated with glycine-HCl buffer (pH 2.6) are referred to as acid-treated spores. After treatment, thoroughly washed spores were examined for stainability, loss of refractility (phase darkening), lysozyme sensitivity, heat or radiation resistance, and for germination in glucose.
Estimation of changes in treated spore suspensions. Turbidity of spore suspensions (0.5 mg of spores per ml of thioglycolate) was measured in a Klett-Summerson colorimeter with a no. 56 (530 to 590 mp) filter.
Lysozyme sensitization was indicated by darkening (under phase-contrast) of spores (2.5 mg/ml) which had been incubated for 15 min at 37 C with lysozyme (1 mg/ml) in 0.067 M phosphate buffer, pH 8 (3).
DPA in the supernatant liquid of treated spores was estimated colorimetrically (4 (Table 1) . Further evidence for a change in spore structure, as postulated by Gould and Hitchins (3), was the increased stainability of the treated spores ( Fig. 1 , Table 1 ). After a 30-min treatment, during which viability decreased markedly, the turbidity of spore suspensions had decreased (22%), 63% of the spores had become stainable, and 66% of the DPA had been released, but the spores remained refractile (Table 1) . Similar treatment (50 C) with glycine-HCl buffer (pH 2.6), without thioglycolate, had no effect on spore viability. Release of DPA and loss of viability decreased with decreasing temperature Spores, treated with thioglycolate (pH 2.6) at 50 C for 2 hr, were washed, resuspended (as in Fig. 1 ), and tested for lysozyme sensitivity. (Table 2) . However, germinability was regained when calcium salts (acetate, nitrate, or chloride) were added to the glucose germination medium. A similar low-temperature acid treatment of spores, without thioglycolate, had little effect on germinability, but by extension of the time of acid treatment to 2 hr ( Table 2) the spores were modified in the same way (reduced spore germinability in glucose) as by shorttime exposure to thioglycolate. These acidtreated spores also responded to the addition of calcium. Thioglycolate may have enhanced the loss of spore cations at acid pH (1), removing those essential to germination in glucose.
Exchangeable spore calcium is important for germination of B. megaterium strain Texas in an alanine-inosine mixture (8) . The calcium accumulating during sporogenesis may play a significant role in the glucose-induced germination of B. megaterium spores (5) . If thioglycolate treatment destroyed the ability of spores to germinate on glucose through loss of cations essential for germination, replacing these cations in the spore should restore germinability. Indeed, exposure to calcium, followed by thorough wash- Spores, treated with thioglycolate and washed as indicated in Table 2 , were suspended in water or in calcium acetate (0.02 M), subjected to the indicated post-thioglycolate treatments, washed thoroughly after the initial and after the final post-thioglycolate treatments, and germinated in 0.01 M D-glucose.
Glucose-induced germination of spores which had not been treated with thioglycolate: 30%/ without heat activation, 90% with heat activation.
ing, restored the ability of thioglycolate-treated spores to germinate in glucose (Table 3) . Calcium was equally effective in restoring the germinability of heat-activated spores, whether an exogenous source was present prior to, during, or after the heat treatment. As little as 1.5 mm calcium acetate, whether present during heat activation or together with glucose in the germination medium, enabled more than 80% of the thioglycolate-treated spores to germinate (Fig.   4 ). Other divalent cations (Mg++, Mn44, or Ba++)
were effective in replacing calcium in the germination medium, but the monovalent cations and one of the divalent cations (Co++) had no effect (Table 2) . Apparently, heat-activated thioglycolate-treated spores required an exogenously supplied divalent cation, such as calcium, for maximal germination. Heat resistance. Spores exposed to thioglycolate (0.4 M, pH 2.6), under conditions (30 C, 5 min) too mild to induce lysozyme sensitivity, became heat-sensitive (Fig. 5) . Neither acid treatment for 5 min, without thioglycolate (Fig.  5) , nor exposure to pH 6.0 thioglycolate (data not shown) affected the heat resistance of the spores. As with germinability, exposure to Ca++ reversed the effect of thioglycolate; i.e., the spores reverted to heat resistance. Survival curves for water-or acid (glycine-HCl)-treated spores, which were heat-challenged after exposure to Ca++ (data not shown), were virtually superimposable on the curve for thioglycolate-treated spores similarly exposed to Ca44 (Fig. 5) .
Radiation resistance. The low temperatureshort time thioglycolate treatment had no effect on spore resistance to y-radiation (Fig. 6) . We have suggested that the thioglycolate-induced Table 2) and reduction of heat resistance (Fig. 5) were due to the loss of cations. Since other investigators have indicated that various spore ions have no apparent role in spore resistance to -y-radiation (11) or to ultraviolet irradiation (10), it was therefore not surprising that the mild treatment with thioglycolate had no effect on this facet of spore behavior. (5, 9) , and that reversible changes in heat resistance (1) and in germinability (8) might enhance an exchange of spore cations such as has been reported (1) to occur at acid pH. The physiological evidence on germination in glucose, presented in this paper, did suggest that the effect of thioglycolate at low pH was duplicated by exposure of spores for more extended periods at low pH in the absence of thioglycolate. However, in view of the lack of direct evidence that thioglycolate at low pH is effective in disrupting disulfide bonds of polymers in general, or of bacterial spores in particular, caution should be exercised in postulating this mechanism for the role of thioglycolate in enhancing the alteration of spore properties.
